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Noggin Antagonizes BMP Signaling to Create
a Niche for Adult Neurogenesis
(Luskin, 1993) and adult (Lois and Alvarez-Buylla, 1994;
Doetsch and Alvarez-Buylla, 1996) rodent SVZ migrate
along a restricted pathway to the olfactory bulb where
Daniel A. Lim,* Anthony D. Tramontin,*
Jose M. Trevejo,† Daniel G. Herrera,†
Jose Manuel Garcı´a-Verdugo,‡
and Arturo Alvarez-Buylla*§ they differentiate into interneurons. It has also been sug-
gested that neurons born in the SVZ migrate into cortical*Rockefeller University
1230 York Avenue regions (Gould et al., 1999).
Recently, SVZ astrocytes (type B cells) have beenNew York, New York 10021
‡University of Valencia identified as the mouse SVZ stem cell (Doetsch et al.,
1999). Type B cells have ultrastructural characteristics ofBurjassot-46100
Spain brain astrocytes and express glial fibrillary acidic protein
(GFAP) (Doetsch et al., 1997). Dividing type B cells give†Weill Medical College of Cornell University
New York, New York 10021 rise to type C cells (Doetsch et al., 1999), a population
of rapidly dividing, immature-appearing cells which are
likely transit-amplifying cells (Potten and Loeffler, 1990).
Type C cells in turn produce type A cells, the neuroblastsSummary
that migrate to the olfactory bulb (Doetsch et al., 1999).
Type A cells express neuron-specific b-tubulin and theLarge numbers of new neurons are born continuously
polysialylated form of neural cell adhesion moleculein the adult subventricular zone (SVZ). The molecular
(PSA-NCAM) (Bonfanti and Theodosis, 1994; Rousselotniche of SVZ stem cells is poorly understood. Here,
et al., 1995; Jankovski and Sotelo, 1996). See Figure 9we show that the bone morphogenetic protein (BMP)
for SVZ schematic. Little is known about the molecularantagonist Noggin is expressed by ependymal cells
signals that are required for this neurogenic lineage toadjacent to the SVZ. SVZ cells were found to express
be maintained throughout adult life.BMPs as well as their cognate receptors. BMPs po-
The notion of a specialized SVZ stem cell niche istently inhibited neurogenesis both in vitro and in vivo.
supported by transplantation experiments. SVZ cellsBMP signaling cell-autonomously blocked the produc-
transplanted to the SVZ of another animal generatetion of neurons by SVZ precursors by directing glial
extensive numbers of new neurons (Lois and Alvarez-differentiation. Purified mouse Noggin protein pro-
Buylla, 1994; Doetsch and Alvarez-Buylla, 1996). How-moted neurogenesis in vitro and inhibited glial cell
ever, SVZ precursor cells transplanted to non-neuro-differentiation. Ectopic Noggin promoted neuronal dif-
genic brain regions do not produce many neurons;ferentiation of SVZ cells grafted to the striatum. We
rather, they primarily differentiate into astrocytes (Her-thus propose that ependymal Noggin production cre-
rera et al., 1999). Hence, it will be important to revealates a neurogenic environment in the adjacent SVZ by
the molecular signals of the adult SVZ and determineblocking endogenous BMP signaling.
the mechanisms by which they act.
Noggin belongs to a class of polypeptides that bind toIntroduction
bone morphogenetic proteins (BMPs) and consequently
prevent their activation of BMP receptors (BMPRs) (re-Neurogenesis persists in restricted regions of the adult
viewed in Wilson and Hemmati-Brivanlou, 1997). In Xe-vertebrate brain. Neural stem cells are retained within
nopus gastrula stage embryos, Noggin is secreted bythese neurogenic regions (reviewed in Gage, 2000). Neu-
the Spemann organizer (Smith and Harland, 1992) andral stem cells have also been isolated from regions of
induces neural tissue from dorsal ectoderm (Lamb etthe brain that are normally not neurogenic (Weiss et al.,
al., 1993) by inhibiting ectodermal BMPs (Wilson and1996; Palmer et al., 1999). For adult neurogenesis to
Hemmati-Brivanlou, 1995; Zimmerman et al., 1996). Inoccur, it has been hypothesized that an appropriate set
the mouse embryo, Noggin is not required for neuralof neurogenic signals needs to be present within the
induction, however it is essential for the later develop-stem cell niche (Garcı´a-Verdugo et al., 1998; Gage,
ment of the neural tube, somite (McMahon et al., 1998),2000). While some progress has been made in revealing
and cartilage morphogenesis (Brunet et al., 1998). Re-the niche of stem cells in development and non-neural
cently, it was shown that double homozygous mutantsadult tissue (Watt and Hogan, 2000, and references
of the BMP antagonists Noggin and Chordin have de-therein), the microenvironment of adult neural stem cells
fects in the development of the prosencephalon (Bachil-remains largely unknown.
ler et al., 2000). Noggin has also been shown to nega-The most prominent region of neurogenesis in the
tively regulate neuronal differentiation of neocorticaladult mammalian brain is the subventricular zone (SVZ)
precursors in vitro (Li and LoTurco, 2000).of the lateral ventricle wall (reviewed in Garcı´a-Verdugo
BMPs have multiple roles in embryonic brain develop-et al., 1998). Large numbers of cells born in the neonatal
ment. BMPs promote astroglial lineage of epidermal
growth factor (EGF)-amplified cells from the embryonic§ To whom correspondence should be addressed (e-mail: alvarez@
SVZ (Gross et al., 1996), induce neuronal differentiationmail.rockefeller.edu) at Neurosurgery Research, University of Cali-
of cortical ventricular zone (Li et al., 1998), inhibit neuro-fornia, San Francisco, Third and Parnassus Avenue, San Francisco,
California 94143. genesis of embryonic olfactory epithelial progenitors
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(Shou et al., 1999), and regulate cortical cell number and
phenotype (Mabie et al., 1999).
While the functions of Noggin and BMPs in develop-
ment have been studied, their roles in the adult brain
have not been described. Noggin (Valenzuela et al.,
1995), BMPs (Gross et al., 1996), and BMPRs (Soder-
strom et al., 1996; Zhang et al., 1998) continue to be
expressed in the adult brain. Here, we find that Noggin
is expressed by ependymal cells and that BMPs and
their receptors are found in the adjacent SVZ. BMPs
potently inhibited and Noggin potentiated the formation
of new neurons from SVZ precursors. We show that BMP
signaling cell-autonomously inhibit SVZ precursors from
producing neuroblasts while inducing glial cell differenti-
ation. BMP overexpression in the ependyma reduced
SVZ cell proliferation and abolished neuroblast regener-
ation in the SVZ. Ectopic Noggin expression promoted
neuronal differentiation of SVZ cells transplanted into
the striatum. Collectively, the data suggest that Noggin
protein derived from the ependymal cells in vivo creates
a neurogenic environment for the adult SVZ.
Results
Noggin Is Expressed by Adult Brain
Ependymal Cells
Reverse-transcription-polymerase chain reaction (RT-
PCR) analysis of microdissected SVZ tissue including
the adjacent ependyma showed that Noggin transcripts
are present in this region (Figure 1A). To determine the
cell type that expresses Noggin protein, we immuno-
stained brain sections with Noggin antibodies. Confocal
image analysis revealed strong Noggin immunoreactiv-
ity in the cells that line the ventricle lumen (Figure 1B,
red fluorescence). S100b, a marker of ependymal cells
(Didier et al., 1986), co-localized with the Noggin staining
(Figure 1C, yellow fluorescence 5 co-localization), indi-
cating that Noggin protein is expressed by the ependy-
mal cells.
To confirm the ependymal Noggin expression and to
obtain a higher cellular resolution, we utilized the Nog-
gin-LacZ “knock-in” heterozygous mice (McMahon et
Figure 1. Noggin Expression in Adult Ependymal Cells
al., 1998). Noggin-LacZ heterozygotes develop normally
RT-PCR detects Noggin transcripts in SVZ dissections that include
and express the LacZ marker in parallel with Noggin ependymal cells. (A) Noggin-specific primers amplified a single band
(McMahon et al., 1998). Brains from adult heterozygous of expected size (343 nt). Omission of reverse-transcriptase (RT-
Noggin-LacZ mice were sectioned, stained with X-Gal, minus lane) resulted in no amplification. Monoclonal antibody to
Noggin protein stains ependymal cells. Noggin staining ([A], redand prepared for electron microscopy. The 2-mm thick
fluorescence) co-localized with ependymal marker S100b ([C], yel-plastic sections of the lateral ventricle wall revealed a
low fluorescence 5 co-localization). Bar 5 10 mm. Noggin genedense, blue X-gal cytoplasmic reaction deposit in epen-
expression is localized to ependymal cells. Mice heterozygous for
dymal cells (Figure 1D). Brain sections from wild-type Noggin-LacZ gene-replacement were analyzed for LacZ expression.
littermates did not stain with X-gal. Electron microscopy In these animals, LacZ expression parallels Noggin gene expression.
of ultrathin sections confirmed the ependymal localiza- (D) Semi-thin (1.5 mm) section stained with X-Gal revealed Noggin-
LacZ expression (sky blue deposit) in ependymal cells (marked withtion of the X-gal deposit (seen as dark, black granules
“e”). Underlying SVZ cells (nuclei are revealed by the toluidine bluein the cytoplasm, Figure 1E, blue arrowheads).
counterstain) do not express Noggin-LacZ. (E) Ultrathin sections
reveal the X-Gal deposit as dark, electron dense particles (blue
BMPs and Their Cognate Receptors arrowheads) in the cytoplasm of ciliated ependymal cells. SVZ cell
Are Expressed in the SVZ types identified by ultrastructural characteristics are labeled and do
not have X-Gal deposits. LV 5 lateral ventricle, St 5 striatum, a 5To determine if BMP and BMPRs are present in the SVZ,
type A cell, b 5 type B cell cytoplasm, c 5 type C cell, e 5 ependymalwe performed RT-PCR on microdissected SVZ tissue
cell.(Figure 2A). Transcripts for BMP2 and 4, BMPR IA,
BMPR IB, and BMPR II were amplified from SVZ-derived
cDNA. Dissociated SVZ cells can be separated by differ-
ential adhesion to poly-lysine coated plastic into two
Noggin Promotes SVZ Neurogenesis
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Figure 2. BMP and BMP Receptor Expression in SVZ Cells
(A) RT-PCR analysis of SVZ tissue detected transcripts for BMP ligands 2 and 4 and receptors BMPR IA, BMPR IB, and BMPR II. Omission
of reverse-transcriptase (RT-minus lanes) resulted in no amplification. Amplified bands were cloned and sequenced to verify the specificity
of the PCR reaction. Semi-quantitative RT-PCR analysis of purified type A cells and type B/C cell population.
(B) BMP2 and 4 were predominantly expressed by B/C cells. BMPR IB was expressed only in type A cells. BMPR IA and BMPR II receptors
were detected in both SVZ cell populations.
SVZ type B cells express BMP4 protein.
(C–E) BMP4 protein (green fluorescence) was not detected in type A cells (PSA-NCAM staining, red fluorescence) BMP4 staining was largely
found around the chains of type A cells in the position expected for type B cells.
(F–H) BMP4 protein staining ([G] and [H], green fluorescence) co-localized with a type B cell marker, GFAP ([F], red fluorescence; [H], yellow 5
co-localization). Images are of 1 mm confocal optical sections.
Bar 5 5 mm.
fractions, one consisting of .98% type A cells and the BMPs greatly reduced adult SVZ cell neurogenesis in
SVZ co-cultures. As compared to controls, 50 ng/ml ofother enriched for type B and C cells (Lim and Alvarez-
Buylla, 1999). We performed semi-quantitative RT-PCR BMP4 decreased the number of neurons born between
4 and 5DIV by over 10-fold (Figure 3C). And, 50 ng/ml ofon the two fractions of SVZ cells (Figure 2B). Expression
of BMP2 and 4 was higher by 20- and 25-fold, respec- BMP2 had a similar effect on SVZ neurogenesis, nearly
abolishing the birth of new neurons (Figure 3D). Thetively, in the B/C cell fraction as compared to the type
A cell fraction. BMPR IA and BMPR II were detected in addition of BMPs did not change the initial SVZ cell
survival as measured by plating efficiency at 24 hr, andboth fractions. Interestingly, BMPR IB was detected only
in the A cells. To localize BMP4 in vivo, we immuno- did not increase cell death in the co-cultures (see next
section). In co-cultures of type B/C cells on astrocytes,stained coronal brain sections with an anti-BMP4 anti-
body. BMP4 staining was not found in PSA-NCAM-posi- the production of new neurons is linear at 5DIV, with
peak production occurring between 7 and 9DIV (Limtive type A cells (Figures 2C–2E). Instead, GFAP and
BMP4 co-localized (Figures 2F–2H), suggesting that and Alvarez-Buylla, 1999). BMP4 inhibited neurogenesis
5DIV in a dose-dependent manner, with 50% inhibitionBMP4 is produced by type B cells.
occurring at 0.1 ng/ml (Figure 3E). In this assay, BMP4
at 100 ng/ml inhibited neurogenesis by 7-fold. Thus,BMPs Inhibit Neurogenesis of SVZ Cells
BMP4 can inhibit type B/C cells from generating type ABecause adult SVZ cells express BMPs and their recep-
cells. TGFb (Figure 3E) or GDNF (not shown), moleculestors, we determined the effect of BMP ligands on SVZ
related to the BMPs, did not significantly inhibit neuro-neurogenesis. Dissociated SVZ cells cultured on astro-
genesis at the two highest concentrations (10 and 100cyte monolayers in medium free of serum or exogenous
ng/ml) tested.growth factors generate large colonies of type A cells
We next tested if continuous exposure to BMP4 is(Lim and Alvarez-Buylla, 1999). These neurogenic colo-
required for inhibition of neurogenesis. Type B/C cellnies arise from type B and C cells and not type A cells.
co-cultures were exposed to 50 ng/ml of BMP4 for 24Figures 3A–3B show a typical colony in these co-cul-
hr, after which the BMP ligand was removed with threetures. These colonies express markers of type A cells
changes of medium. The 24 hr exposure to BMP4 re-including the neuron-specific b-tubulin revealed by Tuj1
sulted in a 4-fold reduction of neurogenesis at 5DIV asstaining (red, Figure 3B). Proliferating cells (green nuclei,
compared to controls that underwent a similar mediumFigure 3B) were marked with the nucleotide analog bro-
change at 24 hr (Figure 3F). Continuous exposure tomodeoxyuridine (BrdU) between 4 and 5 days in vitro
(DIV), demonstrating that type A cells were born in vitro. BMP4 reduced neuronal production by 7-fold in this
Neuron
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Figure 3. BMPs Inhibit SVZ Neurogenesis
(A–B) Neurogenic colony derived from an adult SVZ precursor cell at 5DIV in astrocyte co-cultures. BrdU was added at 4DIV. Nearly all of the
cells in this colony are immunopositive for the type A cell neuronal marker Tuj1 ([B], red) and have incorporated the BrdU mitotic marker ([B],
green). In (C–D), neurogenesis was quantified by direct cell counting of Tuj1-positive, BrdU-positive double-stained cells. Scale bars 5 5 mm.
(C) BMP4 inhibits neurogenesis of adult SVZ cells. BrdU was added at 4DIV and cultures analyzed at 5DIV. By over 10-fold, 50 ng/ml of BMP4
decreased the number of Tuj1-positive, BrdU-positive cells.
(D) BMP2 at 50 ng/ml nearly abolished the birth of new neurons.
(E) BMP4 inhibits SVZ type B/C cells production of type A cells in a dose-dependent manner. SVZ type B/C cells were co-cultured on astrocyte
monolayers in increasing concentrations of BMP4. All Tuj11 type A cells counted at 5DIV in this assay are born in vitro (Lim and Alvarez-
Buylla, 1999). Fifty percent inhibition of type A cell production was achieved by 0.1 ng/ml of BMP4. TGFb did not significantly reduce
neurogenesis (open bars).
(F) Continuous exposure to BMP4 is not necessary for inhibition of SVZ neurogenesis. Transient, 24h exposure to BMP4 (BMP4 24h) inhibited
B/C cell neurogenesis by 4-fold. Continuous exposure to BMP4 reduced neurogenesis by 7-fold. Preincubation of BMP4 with the BMP
antagonist Noggin (BMP4 1 Noggin) abolished BMP4 activity.
Data shown are from experiments performed in triplicate. Error bars 5 SEM.
experiment. This result suggests that continuous BMP gova et al., 1998, and D. Lim, data not shown). Cell
signaling is not required to inhibit neurogenesis. Rather, survival was assessed at 10 DIV. Without additional fac-
a transient episode of BMP signaling is sufficient to tors, 36% of the initially plated type A cells survive at
reduce the neurogenic capacity of early SVZ precursors. 10 DIV (Lim and Alvarez-Buylla, 1999, and this experi-
BMP4 preincubated with 1 mg/ml of Noggin protein was ment). As expected, BDNF enhanced the survival of type
ineffective at inhibiting SVZ neurogenesis (Figure 3F), A cells by 40% at 10 and 100 ng/ml, while both GDNF
confirming that the BMP ligand was responsible for the and FGF2 did not significantly alter cell survival (Figure
inhibitory activity in cultures. 4A). BMP4 enhanced type A cell survival by 40%–50%
at concentrations as low a 1 ng/ml. Similar neurotrophin-
like effects of BMPs have been described for CNS neu-BMPs Promote Survival of SVZ Type A Cells
rons (Jordan et al., 1997; Hattori et al., 1999; Espejo etIn embryonic telencephalon (Furuta et al., 1997; Mabie
al., 1999).et al., 1999), neural crest cell (Graham et al., 1996), and
Because it was possible that BMPs indirectly inducelimb development (Merino et al., 1999), BMPs can induce
cell death by acting on cell types other than type A, weapoptosis. It was therefore possible that BMPs induce
measured the extent of cell death in SVZ co-culturescell death of type A cells. To address this possibility,
that contained all SVZ cell types. SVZ cell colonies werewe tested the effect of BMP4 on purified type A cells.
allowed to form for 5DIV and cultured for an additionalType A cells were isolated by differential adhesion to
24 hr in the presence or absence of 50 ng/ml of BMP4.poly-lysine coated plastic and cultured in the presence
Cell death was quantified by terminal transferase medi-of different concentrations of BMP4 as well as brain-
ated dUTP nick end-labeling (TUNEL) staining, whichderived neurotrophic factor (BDNF), GDNF, and basic
detects DNA fragmentation associated with apoptosis,fibroblast growth factor (FGF2). BDNF is a known sur-
and by nuclear pyknosis. By both measures, BMP4 de-vival factor for many classes of neurons (reviewed in
creased the extent of cell death in cultures by 10%–15%Barde, 1994), and the TrkB BDNF receptor is expressed
by type A cells (Kirschenbaum and Goldman, 1995; Zi- as compared to controls (Figure 4B). Hence, BMPs do
Noggin Promotes SVZ Neurogenesis
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the retroviral vector used. The retroviral vector alone,
pCLE, produced 4 AP-positive, Tuj1-positive neurons,
which were small and round, for every 1 AP-positive,
Tuj1-negative cell, which was generally large and flat
(example in Figure 5C). The Tuj1-negative flat cells were
GFAP-positive as assessed by double immunocyto-
chemistry (Figure 5D). Wild-type receptors (BMPR IA wt
and BMPR IB wt) produced similar Tuj1-positive/Tuj1-
negative cell ratios, 5 and 3, respectively (Figure 5E).
However, constitutively active receptors (BMPR IA ca
and BMPR IB ca) reduced the Tuj1-positive/Tuj1-nega-
tive cell ratio 10-fold to about 0.5 (Figure 5E). Although
BMPR IB is not expressed at detectable levels in type
B/C cells (Figure 2B), BMPR IB ca has been found to
produce a similar phenotype as BMPR IA ca in cells that
normally do not express BMPR IB (Akiyama et al., 1997).
Thus, BMP signaling in the SVZ B/C cell population cell-
autonomously inhibited neurogenesis and promoted
glial differentiation.
BMP Overexpression In Vivo Inhibits SVZ
Proliferation and Type A Cell Production
Our in vitro data predicts that increasing BMP signaling
in the SVZ would decrease neurogenesis. To test this
Figure 4. BMP4 Promotes the Survival of Type A Cells hypothesis, we utilized an adenoviral vector to overex-
Cell survival of pure type A cell cultures is enhanced by BMP4 or press BMPs in ependymal cells adjacent to the SVZ.
BDNF but not GDNF and FGF2. Adenoviral vectors injected into the lateral ventricle effi-
(A) Cell survival at 10DIV is represented as percentage of control. ciently infect ependymal cells (Johansson et al., 1999;Factors were used at 1, 10, and 100 ng/ml. BDNF increased survival
Doetsch et al., 1999). Figure 6A shows expression ofby about 40% at 10 and 100 ng/ml (*p , 0.05, t-test). BMP4 was
green fluorescent protein (GFP) in lateral ventricle epen-more potent, increasing survival by about 50% at all concentrations
tested (**p , 0.01, t-test). dymal cells infected by our control Ad5-GFP adenovirus.
(B) Cell death in SVZ cell colonies as measured by TUNEL and Ad5-BMP7 overexpresses BMP7 in infected cells. BMP7,
nuclear pycnosis (pyc) was decreased in the presence of BMP4. like BMP2 and 4, signals through the BMPR IA, BMPRIB,
Data shown are from experiments performed in triplicate. Error and BMPR II receptor subtypes present in the SVZ (re-bars 5 SEM.
viewed in Massague, 1998), but is at least 10-fold less
sensitive to Noggin antagonism than BMP2 and 4 (Zim-
merman et al., 1996). To confirm the targeting of thenot inhibit SVZ neurogenesis by inducing cell death of
type A cells. Rather, BMP4 promotes the survival of Ad5-BMP7 injections, Ad5-GFP virus was co-injected
into the ventricles resulting in ependymal cell GFP label-SVZ-derived neurons.
ing (Figure 6B). Three days after infection, recipient ani-
mals received an injection of BrdU. One hour later, ani-BMP Signaling Cell-Autonomously Inhibits SVZ
B/C Cell Neurogenesis mals were sacrificed and brain sections processed for
BrdU immunohistochemistry. Expression of BMP7 in ep-In cultures, BMPs could exert their neurogenic-inhibitory
effect either directly on the SVZ precursors or indirectly endymal cells inhibited SVZ cell proliferation (Figure 6D
compared to control, Figure 6C) by 50% (Figure 6E).through the monolayer astrocytes. To demonstrate that
BMP signaling can cell-autonomously inhibit SVZ neuro- To demonstrate that BMP overexpression can inhibit
the birth of type A cells, we evaluated the effect of BMP7genesis, we constructed retroviral vectors that trans-
duce BMPRs harboring point mutations that allow re- on SVZ regeneration after antimitotic drug delivery. Cy-
tosine-arabinoside (Ara-C) administered by osmoticceptor signaling in the absence of ligand (Zou et al.,
1997 and references therein). These constitutively active pump to the surface of the brain for 6 days results in
the elimination of type A and cells in the SVZ, leavingreceptors directly activate the downstream mediator of
BMP activity, SMAD1, in a cell-autonomous manner behind type B and ependymal cells (Doetsch et al.,
1999). After pump removal, type B cells proliferate and(Kretzschmar et al., 1997). As controls, wild-type BMPRs
and vector alone were used. Because the retroviral vec- repopulate the SVZ with migratory type A neuroblasts.
To test the effects of BMPs in a SVZ depleted of typetors also carry the alkaline-phosphatase (AP) marker
gene, infected cells were identified with AP staining. A and C cells, we injected Ad5-BMP7 or Ad5-GFP into
the lateral ventricle after six days of Ara-C delivery.See Figure 5, inset, for a schematic of the retroviruses.
Type B/C cell co-cultures were infected with each Regeneration of type A cells was assessed by whole
mount dissection of lateral ventricle walls and immuno-retroviral vector at 1DIV and analyzed at 5DIV. Cultures
were stained for AP expression and Tuj1-immunoposi- staining for PSA-NCAM (Doetsch and Alvarez-Buylla,
1996; Doetsch et al., 1999). Adenoviral injections weretivity. Figure 5A and B show representative AP-positive,
Tuj1-positive double-labeled cells. The ratio of neurons confirmed by observation of GFP expression in the
whole mounts (Figure 6F). Five days after pump removal/to glia produced by retrovirally-infected cells varied with
Neuron
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Figure 5. BMP Signaling Cell-Autonomously Inhibits Neurogenesis of Type B/C Cells by Directing Glial Differentiation
Lower right: Schematic of retroviral constructs. BMPR expression in infected cells is driven by the EF-1a promoter. The point mutations are
described in Experimental Procedures. The AP marker gene is translated from an internal ribosome entry site (IRES).
Type B/C cells in co-culture were infected with retroviral vectors at 1DIV and analyzed at 5DIV.
(A–B) Typical AP-positive, Tuj1-positive colonies. AP staining is purple and Tuj1 staining is brown (diaminobenzidine). Note that nearly all cells
in the colony in (A) are AP-positive. In (B), approximately half of the cells are AP-positive. Tuj1-positive, AP-positive cells (type A cells) were
typically small and round.
(C) AP-negative cells were generally large and flat and stained for GFAP (D).
Scale bars 5 10 mm.
(E) Quantification of the effect of retrovirally transduced BMPRs. Cultures were processed for AP and Tuj1 immunocytochemistry, and AP-
positive cells counted. The ratio of AP-positive, Tuj1-positive neurons to AP-positive, Tuj1-negative cells is shown in the chart. Constitutively
active BMPRs (BMPR IA ca, BMPR IB ca) decreased the proportion of neurons. Error bars 5 SEM (n 5 4), p , 0.01, t-test.
viral injection, clusters of PSA-NCAM-positive cells were lyzed at 5DIV and 8DIV, respectively. The number of
Tuj1-positive, BrdU-positive cells were counted to quan-observed in the SVZ of control Ad5-GFAP injected ani-
tify neurogenesis. Noggin increased the birth of newmals (Figure 6G and H). However, Ad5-BMP7 prevented
neurons by nearly 20% at 5DIV and 50% at 8DIV (Figurethe reappearance of PSA-NCAM-positive type A cells
7C). Although BMPs enhance type A cell survival (Figureafter Ara-C treatment (Figures 6I and 6J). These results
4), a large increase in cell death was not noted in Noggin-demonstrate that BMPs decrease SVZ proliferation and
treated cultures; the observed increase in neurogenesisprevent neurogenesis in vivo.
indicates that the change in the rate of neurogenesis
dominated any potential increase in the rate of cell
Endogenous BMPs Are Antagonized death.
by Noggin Protein It has previously been shown that endogenous BMPs
Noggin is a potent antagonist of BMPs (Zimmerman et signal most effectively within cellular aggregates (Wilson
al., 1996). We purified mouse Noggin protein from HELA and Hemmati-Brivanlou, 1995). SVZ cell aggregates
cells infected with Ad5-Noggin (see Experimental Proce- were cultured in the presence or absence of 3 mg/ml
dures). Homogeneity of the Noggin protein was as- of Noggin. After 2.5–3DIV, cultures were enzymatically
sessed by silver stain SDS-PAGE analysis (Figure 7A). dissociated to single cells. Noggin did not significantly
Purified mouse Noggin protein cross-reacted with the change the number of cells. Equal numbers of cells were
monoclonal antibody to human Noggin (Figure 7B), in- lysed and protein extracts analyzed by Western blot.
hibited BMP4 (Figure 3F), and could dorsalize ventral Noggin increased the expression of neuron-specific b
Xenopus embryo tissue (D. Weinstein, A. Hemmati-Bri- tubulin by an average of 20% while concomitantly reduc-
vanlou, personal communication). ing GFAP expression by nearly 50% (Figure 7D). In an-
Adult SVZ cells were co-cultured on astrocytes in the other experiment, the Western blot results paralleled
presence or absence of purified Noggin protein at 3 direct counts of plated, immunostained cells (not shown).
Because endogenous BMPs would be expected to re-mg/ml. BrdU was added at 4.5DIV or 7.5DIV, and ana-
Noggin Promotes SVZ Neurogenesis
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Figure 6. BMP Overexpression in Ependymal Cells In Vivo Inhibits SVZ Proliferation and Type A Cell Production
(A–E) BMP7 overexpression in ependymal cells inhibits SVZ proliferation. Ad5-GFP control virus or Ad5-BMP7 was injected into the lateral
ventricles. Three days later, animals received an injection of BrdU 1 before sacrifice. Viral infection was revealed by GFP expression in
ependymal cells (A and B). (C and D) BrdU immunohistochemistry revealed proliferating SVZ cells. Significantly fewer BrdU-positive SVZ cells
were seen in Ad5-BM7 injected animals (compare [C] with [D]). BMP7 decreased SVZ proliferation by 50% (E). Error bars 5 SEM (n 5 3), p 5
0.006. Bar 5 20 mm.
(F–J) BMP7 overexpression in ependymal cells abolished type A cell production. Anti-mitotic Ara-C treatment eliminates type C and A cells
from the SVZ. Five days after Ara-C treatment is terminated, type C and A cells are regenerated (Doetsch et al., 1999). Ara-C treated brains
were intraventricularly injected with Ad5-GFP or Ad5-BMP7. Five days after viral infection, lateral wall whole mounts were immunostained for
PSA-NCAM to identify the regenerating type A cells. (F) GFP expression in infected ependymal cells is seen in whole mount dissections before
immunostaining. A region of the lateral wall that is fused with the medial wall in vivo was not infected by the adenoviral vectors (GFP-negative
area marked with “x”). The same whole mount in (F) stained for PSA-NCAM revealed small clusters of type A cells seen as dark foci in (G)
and dark cellular clusters in a higher magnification in (H). (I and J) Ad5-BMP7 abolished the regeneration of type A cells. No foci of PSA-
NCAM-positive cells were seen.
White bar in (F) 5 500 mm. Black bar 5 20 mm.
duce Tuj1-positive and increase GFAP protein expres- outside of the SVZ, we used Ad5-Noggin to produce
sion, the above results suggest that Noggin reduced ectopic Noggin expression in the striatum and trans-
endogenous BMP signaling. planted SVZ cells into this region.
Ad5-Noggin or Ad5-GFP control virus was injected
into the striata of mice. Animals were allowed to recoverEctopic Noggin Expression in the Striatum Promotes
for two days, a time sufficient for ectopic Noggin proteinNeuronal Differentiation of Grafted SVZ Cells
to be immunohistochemically detected (data not shown).The above data support the notion that Noggin is a part
To identify grafted SVZ cells we used as SVZ donorsof the SVZ neurogenic microenvironment. Directly under
transgenic hPAP mice which express human placentalthe SVZ lies the striatum. Noggin is notably absent from
alkaline phosphatase in the cell membrane (Deprimo etthe striatum (Valenzuela et al., 1995), and BMP2 and 4
al., 1996). Dissociated hPAP SVZ cells were stereotaxi-are expressed in adult striatal dissections (Gross et al.,
cally injected into the same site as the prior adenoviral1996). SVZ cells grafted into the striatum are not neuro-
injections, and animals were allowed to survive for sevengenic and differentiate primarily into astrocytes (Herrera
days after transplant.et al., 1999). Hence, the BMPs from the striatum and/
A focus of GFP expression was seen at the striatalor grafted SVZ cells may be inducing astrocytic differen-
injection site (Figures 8A and 8C). Noggin immunohisto-tiation of SVZ cells transplanted into this region. To test
whether Noggin can create a neurogenic compartment chemistry demonstrated a high level of ectopic Noggin
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Figure 7. Noggin Protein Inhibits Endoge-
nous BMP Signaling
(A–B) Purification of mouse Noggin protein
from Ad5-Noggin infected HELA cells. (A)
SDS-PAGE silver stain analysis of purified
Noggin protein. Reduced Noggin appears as
a blurry band at 31 kDa due to heavy glycosyl-
ation (Smith et al., 1993). Purified mouse Nog-
gin (mNoggin) has a slightly retarded mobility
as compared to purified Xenopus Noggin
(xNoggin). No significant contaminating bands
were detected even though the gel was inten-
tionally overloaded. (B) Western blot analysis
of mouse Noggin protein. A monoclonal anti-
body to human Noggin protein recognized
mouse Noggin. As expected, under non-
reducing conditions, Noggin had a mobility
consistent with dimerization (bME-negative
lane). bME 5 b-mercaptoethanol.
Noggin increases neurogenesis in adult SVZ
cultures. (C) 3 mg/ml of purified Noggin pro-
tein increased the number of neurons born
at 5DIV and 8DIV by about 20% and 50%,
respectively, as compared to control cul-
tures. Data shown are the means from three independent experiments each performed in triplicate (*p , 0.05, **p , 0.01).
Noggin increases neuronal differentiation while inhibiting glial differentiation in aggregates of SVZ cells. (D) 600,000 P3 SVZ cells/cm2 were
cultured 2.5–3DIV in the presence (1) or absence (2) of 3 mg/ml of Noggin. Equal numbers of cells were lysed and protein extracts analyzed
by Western blot. Tuj1 and GFAP immunoreactive protein bands were detected by ECL on the same blot. Exposed films were scanned for
density analysis by NIH Image 1.62. The bands shown are from one typical experiment. Noggin increased the Tuj11 protein levels by 20%
while concomitantly decreasing GFAP expression by 50%. The charts represent data from three independent experiments performed in either
duplicate or triplicate (*p , 0.05).
protein expression by Ad5-Noggin infected cells (Figure and that these molecules are important regulators of
adult neurogenesis.8D) and not by Ad5-GFP (Figure 8B). Graft-derived
We used three independent methods—RT-PCR, anti-hPAP-positive cells (Figures 8E and 8H) were identified
body staining, and Noggin-LacZ reporter gene expres-within the region of viral infection. Sections harboring
sion—to show that Noggin is expressed by ependymalthe injection site were then double-immunostained with
cells (Figure 1). The localized expression of Noggin inTuj1 antibodies and analyzed at the confocal micro-
ependymal cells is striking and suggests that BMP sig-scope. Consistent with a previous study (Herrera et al.,
naling is antagonized in a region close to these cells. In1999), grafted SVZ cells in the Ad5-GFP injected control
addition to ependymal expression, we found Nogginstriata were mostly Tuj1-negative (Figures 8E–8G). In
expression in cortex, olfactory bulb, septum and Pur-four out of six Ad5-GFP injected striata, no clusters of
kinje cell layer of the cerebellum of the adult brain asTuj1-positive type A cells were observed. Two out of
described before (Valenzuela et al., 1995). The functionsix Ad5-GFP striata contained a small number of graft-
of Noggin in the adult brain is not clearly understood.derived Tuj1-positive cells. In contrast, four out of four
It has been speculated that Noggin could be involvedAd5-Noggin injected striata contained large clusters of
in neuronal plasticity (Valenzuela et al., 1995). Previousgraft-derived Tuj1-positive cells with the size and mor-
work, however, did not analyzed in detail the walls ofphology of type A cells (Figures 8H–8J). These ectopic
the brain ventricles, and Noggin expression in ependy-type A cells formed extensive chain-like structures simi-
mal cells was not described.lar to those observed in the SVZ. This experiment indi-
We hypothesized that Noggin could play a role incates that Noggin can create an environment in the
the regulation of neurogenesis in the adjacent SVZ bystriatum for neuronal differentiation of SVZ precursor
antagonizing BMP signaling. We found that BMP2 andcells.
4 and their receptors are present in the SVZ (Figure 2),
and that BMPs potently inhibit neurogenesis (Figures 3,
Discussion 5, and 7). Our in vitro experiments allowed us to deter-
mine the mechanism of this inhibition. BMPs did not
A large number of neurons are born everyday in the SVZ induce cell death of newly born neuroblasts but instead
and migrate to the olfactory bulb (Lois and Alvarez- promoted their survival (Figure 4). Using retroviral gene
Buylla, 1994). Unlike the embryonic brain, where neuro- transfer, we demonstrated that BMP signaling in SVZ
genesis is a transient phenomenon, the adult SVZ must precursors directs glial differentiation at the expense
retain the neurogenic environment for an extended pe- of neurogenesis (Figure 5). Consistent with our in vitro
riod of time, probably for the entire life of the animal results, overexpression of BMPs near the SVZ inhibited
(Kuhn et al., 1996; Goldman et al., 1997). During develop- both SVZ cell proliferation and type A cell genesis (Figure
ment, Noggin and BMPs are thought to act in temporally 7). Previous work shows that BMPs and their receptors
restricted inductive events. Here, we show that BMP are expressed in the adult brain (Gross et al., 1996;
Soderstrom et al., 1996; Ebendal et al., 1998; Zhang etand Noggin are retained in the SVZ region in adult life,
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Figure 8. Ectopic Noggin Expression in the Striatum Promotes Neuronal Differentiation of Transplanted SVZ Cells
(A–D) Injection of Ad5-Noggin into the striatum generates an ectopic region of Noggin expression. Photos of brain sections 4 days after viral
infection. (A) GFP fluorescence of Ad5-GFP control virus infected striatal cells and (B) corresponding epifluorescent photomicrograph of
Noggin immunostaining. No striatal Noggin expression was observed in Ad5-GFP injected animals. Strong Noggin expression around the
injection site was obtained with the Ad5-Noggin vector ([D], red fluorescence; the corresponding GFP image is [C]). White bar 5 500 mm.
Two days after adenoviral infection, dissociated SVZ cells from transgenic donors expressing AP in all cells were injected into the site of the
viral infection. Seven days after SVZ cell transplants, graft-derived cells were identified by immunostaining for the AP marker gene product
that localizes to cellular membranes ([E, F, G, H], red fluorescence).
(E–F) Transplant-derived SVZ cells in Ad5-GFP injected striatum are primarily astrocytic and not Tuj1-positive. (E) AP-positive cells have a
highly branched astrocytic morphology and are not Tuj1-positive (F and G).
(H–J) Clusters of transplant-derived Tuj1-positive cells are found in Ad5-Noggin injected striatum. (H) Small, rounded AP-positive cell bodies
are found within a field of branched cells. The small rounded cells are Tuj1-positive (I–J). The size, morphology, and elongated chain-like
structures of the Tuj1-positive cells are consistent with their being type A cells.
Images in (E–J) are of 1 mm optical confocal sections. Yellow bar 5 10 mm.
al., 1998). This widespread presence of BMPs may in populations contain stem cells capable of differentiating
into both neurons and glia. Infusion of EGF or FGF2 intopart restrict neurogenesis to regions expressing BMP
antagonists. However, Noggin is expressed in other the brain ventricle causes the SVZ to expand in cell
number, although it is possible that these mitogens actadult brain regions where neurogenesis has not been
observed. Other signals and/or the presence of a partic- indirectly through non-SVZ cell types (e.g., the epen-
dyma) (Craig et al., 1996; Kuhn et al., 1997). Evidenceular type of stem cell are likely necessary for neurogen-
esis to occur as observed in the SVZ. that EGF signaling is important in vivo comes from the
TGFa knockout mice which have reduced dorsolateralIn vitro studies of SVZ cells suggest that EGF and
FGF2 contribute to the stem cell microenvironment. Iso- SVZ cell proliferation, suggesting that TGFa plays a role
in SVZ neurogenesis (Tropepe et al., 1997). EPH recep-lated SVZ cells can be grown in vitro with high concen-
trations of EGF (Reynolds and Weiss, 1992; Morshead tors and ephrins have been recently identified in the
SVZ and shown to have a prominent role in SVZ stemet al., 1994), FGF2 (Palmer et al., 1995), or a combination
of both (Gritti et al., 1999). These mitogens can maintain cell proliferation (Conover et al., 2000). Infusion of EphB2
receptor bodies into the ventricles increased dramati-the proliferation of adult SVZ cells, and such amplified
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cally the proliferation of SVZ cells increasing the number
of type B cells. It will be important to determine how
growth factors, ephrins, and other signaling molecules
interact with the BMP signaling pathways to create a
balanced environment for the production of appropriate
numbers of new neurons in an adult brain.
BMPs have been found to have distinct effects in
different neural precursor populations. In the developing
neocortex (Li et al., 1998) and for neural crest cells (Shah
and Anderson, 1997), BMPs stimulate neuronal differen-
tiation. In contrast, BMPs inhibit neurogenesis of embry-
onic neural stem cells propagated in vitro (Gross et al.,
1996) and embryonic PNS olfactory epithelial precursors
(Shou et al., 1999). The apparent discrepancies could
be due to BMPs acting on different cell populations. In
the adult SVZ, BMPs prevented the formation of new
neurons, but increased the survival of neuroblasts. Our
data suggest that in the SVZ BMPs have distinct effects
on cells at different stages within the same lineage. To
determine the effects of BMPs on the earliest population
of SVZ precursors in vivo, we used the regeneration
assay following antimitotic treatment (Figure 7). These
in vivo experiments, together with the in vitro data indi-
Figure 9. Schematic of SVZ Architecture and Proposed Role of Nog-cating that a brief early exposure to BMPs is sufficient to
gin and BMPsdramatically reduce neurogenesis (Figure 3F), suggest
(Top) Architecture of the SVZ. Type B cells (SVZ astrocytes) arethat BMPs inhibit neurogenesis by acting on SVZ stem
closely apposed to ependymal cells. Some type B cells (markedcells or early precursors within the neurogenic lineage.
with “x”) extend a process between ependymal cells; these interca-BMPs have also been found to have stage-specific ef-
lating type B cells have been proposed to be cells activated for the
fects on cells in the oligodendrocyte lineage (Grinspan neurogenic lineage (Doetsch et al., 1999). Clusters of type C cells
et al., 2000). Cell-specific responses to BMPs could be are found along the chains of migratory type A cells (neuroblasts).
due to the expression of different BPMRs (Zou et al., (Bottom, in box) Proposed role of Noggin in promoting the neuronal
lineage of SVZ cells. Type B cell BMP signaling blocks the neuro-1997; Chen et al., 1998) and/or the presence of distinct
genic pathway, directing type B cells to gliogenesis (right pathway).Smad binding partners in different cells (Hata et al.,
Noggin produced by ependymal cells antagonizes type B cell BMP2000). Interestingly, type A cells that responded to BMPs
signaling, promoting neurogenesis of SVZ cells (left pathway). The
with increased survival express BMPR IB, IA and II while close association of type B cells and ependyma schematized above
earlier SVZ precursors express only the IA and II receptor may be important for this inductive event.
subunits (Figure 2).
Our transplantation studies (Figure 8) demonstrate
that Noggin can create a neurogenic microenvironment cells have a larger luminal surface (Figure 9). The forma-
for SVZ cells. BMPs expressed in the striatum (Gross tion of these cellular processes into the ventricle and
et al., 1996) may create an environment that promotes the tight interaction with ependymal cells has been sug-
astrocytic differentiation of SVZ cells grafted to this re- gested to be related to the neurogenic activation of type
gion (Herrera et al., 1999). High levels of ectopic Noggin B cells during SVZ regeneration (Doetsch et al., 1999).
expression promoted neuronal differentiation of SVZ The intimate association between type B cells and the
cells grafted to the striatum, supporting the notion that Noggin producing ependymal cells may be important
the SVZ neurogenic compartment has low BMP signal- for BMP antagonism in vivo: because of this cellular
ing. Although neural stem cells have been propagated in arrangement, Noggin produced by the ependyma would
vitro from brain regions that are normally not neurogenic have immediate access to BMPs in the microenviron-
(Weiss et al., 1996; Palmer et al., 1999), ectopic Noggin ment of type B cells, promoting the neuronal lineage
expression alone under these conditions was not suffi- (Figure 9).
cient to induce ectopic neurogenesis (Lim and Alvarez- Our hypothesis of ependymal Noggin function pre-
Buylla, unpublished observations). This suggests that dicts that in the absence of the ependyma, gliogenesis
other neurogenic signals are required to promote neuro- would increase in the SVZ. Intraventricular injections
genesis of non-SVZ neural stem cells. of neuraminidase result in ependymal cell detachment
The pattern of Noggin and BMP expression in the from the ventricular walls. Interestingly, after ependymal
SVZ, together with the functional data presented here, cell denudation, the SVZ becomes a glial scar (Grondona
support a model in which Noggin from ependymal cells et al., 1996). This result, of course, is a result of a com-
creates a neurogenic environment for SVZ stem cells. plex experimental manipulation, and an adult ependy-
Type B cells are intimately associated with the ependy- mal cell-specific Noggin knockout would more directly
mal cell layer, and a fraction of type B cells make direct answer the question of Noggin function near the SVZ.
contact with the ventricle (Doetsch et al., 1999). Some As there are other BMP antagonists that can function
of these ventricle-contacting type B cells extend a thin in a redundant manner (Bachiller et al., 2000), it will be
important to determine if other BMP antagonists con-cellular process between ependymal cells, and other B
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sponding to the size of prepro-BMP4 in SVZ Western blot analysistribute to the SVZ neurogenic environment. In addition,
that was efficiently competed with the peptide to which the antibodyother BMPs and related molecules may play a role in
was raised.adult SVZ function.
For Noggin protein staining, fresh frozen sections (12 mm) were
SVZ stem cell biology likely depends upon a complex used. For BMP4 staining, both fresh frozen (12 mm) and polyethylene
interplay of the signals found in the stem cell niche. glycol embedded sections (6 mm) were used (Alvarez-Buylla et al.,
1987). Cultures were fixed in 3% paraformaldehyde for 30 min atWhere can we look for clues about such putative interac-
room temperature. BrdU antigen was revealed by 2N HCl, 30 min,tions? Our model of an interaction between the epen-
room temperature. TUNEL staining was performed with the In Situdyma and adjacent SVZ is reminiscent of neural induc-
Cell Death Detection Kit from Boehringer Mannheim. Nuclei weretion in the embryo. This similarity between adult and
counterstained with Hoechst 33,258 (Molecular Probes). Processing
embryonic neurogenic strategies suggests a more gen- for LacZ activity in Vibratome sections and electron microscopy
eral hypothesis, that particular paradigms observed in was performed as previously described (Herrera et al., 1999). Whole
mount PSA-NCAM staining was performed as previously describeddevelopment continue to reverberate later in life. Future
(Doetsch and Alvarez-Buylla, 1996).work characterizing SVZ stem cells and their niche may
reveal more similarities between adult neurogenesis and
Reverse-Transcription Polymerase Chain Reactionembryonic development, not only in the identity of the
Total RNA from SVZ dissections and purified cells was isolated withmolecules, but also in the logic of their interaction. Such
RNeasy columns (Qiagen). 1 mg of total RNA was converted to cDNA
lessons from the embryo to the adult may lead to a (Superscript II, Gibco), and 1/20 of the reaction was used in 50 ml
greater ability to manipulate neural stem cells for thera- PCR reactions (Perkin Elmer). Primers for BMP2, 4, 7, BMPR IA,
peutic applications. In particular, our data suggest that BMPR IB, BMPR II were previously described (Gross et al., 1996).
Primers for Noggin: TCCTCCTCAGCTTCTTGCTC, CGGCCAGCACNoggin may be exploited to direct stem cells into a
TATCTACACA; for GAPDH: CCCTGTTGCTGTAGCCGTAT, CCCACneuronal lineage.
TAACATCAAATGGGG. PCR reaction conditions: 958C, 1 min, 608C,
1 min, 728C, 2 min for 35 cycles, with a 10 min 728C final extension.Experimental Procedures
For semi-quantitative PCR, 8 mCi of 32P-dCTP was added to the
reactions. The linear range of amplification for each set of primersCultures
was determined in pilot experiments. PCR reactions at least 5 cyclesSVZ co-cultures were performed as previously described (Lim and
before amplification plateau were run on agarose gels, transferred toAlvarez-Buylla, 1999) with the following modifications. Neurobasal/
Hybond-N membranes (Amersham) by Southern blot, and exposedB27 (Gibco) and DMEM/F12/N2 (Gibco) were used interchangeably.
to phosphorimager screens (Molecular Dynamics) for analysis.To remove dead cells and debris from dissociated adult SVZ cells,
the cell suspension was layered onto 22% Percoll in 1X DPBS and
Retrovirusescentrifuged for 10 min at 500 g. The cell pellet was washed three
pBluescript plasmids containing BMPR cDNAs were obtained fromtimes with culture medium before plating onto astrocyte monolayers
Lee Niswander (Memorial Sloan-Kettering). Mutations are as follows:in LabTek 16-well glass culture slides (Nunc). Astrocyte monolayers
human BMPR IA ca, Gln-233 to Asp; mouse BMPR IB ca, Gln-203were allowed to condition the medium for 1–4 days before plating
to Asp (Zou et al., 1997). The BMPRs constructs were cloned intoSVZ cells. Type A and B/C cell populations were purified as pre-
the retroviral vector pCLE (Gaiano et al., 1999). The retroviral plas-viously described (Lim and Alvarez-Buylla, 1999). For the survival
mids were sequenced to verify the point mutations. Retroviral plas-assay, pure type A cells were cultured in 96 well tissue culture plates
mid DNA and pCL-Eco (which provides ecotropic gag-pol-env) weretreated with 100 mg/ml poly-D-lysine (Sigma) at 30,000 cells/cm2 in
cotransfected (10 mg each) by calcium phosphate precipitation intoNeurobasal/B27. After 10 days, dead cells were removed with a
HEK293 cells at 80% confluence in 10 cm plates. Virus containingchange of medium, and the remaining live cells were quantified
supernatants were collected at 36, 48, and 60 hr after transfection,with the CyQuant system (Molecular Probes) measured on a Dynex
passed through a 0.45 mm filter, and frozen at 2808C. Viruses wereFluorolite 1000. SVZ cell aggregates were formed by culturing post-
titered on NIH 3T3 cells. B/C cell co-cultures were infected at 0.1–0.5natal day 3 SVZ cells in DMEM/F12/N2 at 600,000 cells/cm2 in un-
cfu/SVZ cell in the presence of 8 mg/ml of polybrene (Sigma). Onetreated glass culture slides (Nunc).
day after retroviral infection, the virus containing culture medium
was exchanged with fresh medium. Cultures were fixed in 3% para-Immunocytochemistry and Histology
formaldehyde for 30 min at room temperature, heated to 658C forThe following primary antibodies were used: rat monoclonal to hu-
30 min, and then incubated with a BCIP/NBT solution (Boehringerman Noggin (RP57–16), 3 mg/ml, (Regeneron Pharmaceuticals); rab-
Mannheim) for 3–4 hr at room temperature to reveal the alkalinebit polyclonal anti-S100b, 1:1000 (Dako); goat polyclonal anti-BMP4,
phosphatase marker gene. Cultures were then immunostained as10 mg/ml, (Research Diagnostics); mouse monoclonal Tuj1, 1:1000
described previously.(Babco); mouse monoclonal anti-PSA-NCAM, 1:1000 (Rougon et al.,
1986); mouse monoclonal anti-GFAP, 1:500 (Sigma), rat monoclonal
anti-BrdU, 1:200 (Harlan), rabbit polyclonal anti-PLAP, 1:200 (Accu- Adenovirus Construction and Noggin Protein Purification
The mouse Noggin cDNA (pMgB950) was obtained from Richardrate Chemical). After blocking sections or cells with appropriate
serum proteins in PBS with 0.3% Triton X100 (Sigma), incubations Harland (University of California, Berkeley). Noggin was cloned into
an adenoviral transfer plasmid pAd5-CMV-GFP, resulting in clonewith primary antibodies were carried out overnight at 48C in the
blocking solution. Sections or cells were washed three times in PBS pAd5-Noggin-GFP. The adenoviral vector was generated with tech-
niques as previously described (Doetsch et al., 1999). The titer wasand incubated with appropriate secondary antibodies 1–2 hr at room
temperature: biotinylated anti-rat IgG, 1:500 (Vector Laboratories); 1.5 3 1012 viral particles/ml. This vector expresses Noggin and GFP
from independent CMV promoters.anti-rabbit IgG FITC, 1:200 (Jackson ImmunoResearch); biotinylated
anti-goat IgG, 1:500 (Jackson Laboratories); anti-IgM Cy3, 1:200 One liter of HELA cells grown in suspension was infected with
the Ad5-Noggin-GFP virus at 600 viral particles/cell. 16 hr after(Jackson ImmunoResearch); anti-mouse IgG Cy3, 1:500 (Jackson
ImmunoResearch); biotinylated anti-mouse IgG, 1:500 (Vector Labo- infection, the HELA cell medium was changed to a serum-free MEM.
30 hr after infection, the Noggin containing medium was collected.ratories). To reveal biotinylated antibodies, streptavidin-Cy3 or -Cy2
(Jackson ImmunoResearch) diluted 1:1000 in PBS, or peroxidase Cells were removed by centrifugation twice, and 0.2 mm filtration.
Noggin was purified with protocols similar to those previously de-Vectastain ABC reagent (Vector Laboratories) were used. Peroxi-
dase activity was revealed by diaminobenzidine staining (Doetsch scribed (Smith et al., 1993). Briefly, Noggin containing medium was
run over a SP-sepharose column (Pharmacia). Proteins were elutedand Alvarez-Buylla, 1996). Controls in which primary antibodies were
omitted or replaced with irrelevant antibodies resulted in no detect- with a linear NaCl gradient from 150 mM to 2 M. The major protein
peak at 0.9 M-1.1M NaCl was collected, dialyzed, and then run overable staining. The BMP4 antibody recognized a 60 kDa band corre-
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